Abstract The Pt(IV) complex c,c,t-[Pt(NH 3 ) 2 Cl 2 (OH) 2 ] is an important intermediate in the synthesis of Pt(IV) anticancer prodrugs and has been investigated as an anticancer agent in its own right. An analysis of the vibrational spectroscopy of this molecule was previously reported (Faggiani et al., Can. J. Chem. 60:529, 1982), in which crystallographic determination of the structure of the complex permitted a site group approach. The space group, however, was incorrectly assigned. In the present study we have redetermined at high resolution crystal structures of c,c,t-[Pt(NH 3 ) 2 Cl 2 (OH) 2 ] and c,c,t-[Pt(NH 3 ) 2 Cl 2 (OH) 2 ]Á H 2 O 2 , which makes possible discussion of the effect of hydrogen bonding on the N-H and O-H vibrational bands. The correct crystallographic site symmetry of the platinum complex in the c,c,t-[Pt(NH 3 ) 2 Cl 2 (OH) 2 ] structure is used to conduct a new vibrational analysis using both grouptheoretical and modern density functional theory methods. This analysis reveals the nature and symmetry of the ''missing band'' described in the original publication and suggests a possible explanation for its disappearance.
Introduction
The complex c,c,t-[Pt(NH 3 ) 2 Cl 2 (OH) 2 ] is a valuable synthetic intermediate in the preparation of Pt(IV) anticancer prodrugs [1] . The nucleophilicity of the coordinated hydroxide ligands permits their oxygen atoms to attack electrophilic centers in molecules such as acid chlorides, acid anhydrides, pyrocarbonates, and isocyanates [2] . In one design paradigm, the nucleophilic attack opens a cyclic anhydride, such as succinic anhydride, to generate a pendant carboxylate, which can undergo subsequent derivatization [3, 4] .
c,c,t-[Pt(NH 3 ) 2 Cl 2 (OH) 2 ] has also been studied as an anticancer agent in its own right, and in this context is sometimes referred to as oxoplatin [5] . As with most of the other Pt(IV) compounds that are tested for anticancer activity, it is presumed that the octahedral Pt(IV) center undergoes reduction with loss of two ligands to produce an active square-planar Pt(II) species [6] . The strongly basic hydroxide ligands stabilize the Pt(IV) oxidation state as evidenced by the very negative cathodic peak potential of less than -800 mV versus Ag ? /AgCl observed during cyclic voltammetry experiments [7] . Although electrochemical measurements of the irreversible two-electron reduction of Pt(IV) to Pt(II) do not provide a direct measure of the ease of reduction in a biological milieu [8] , when c,c,t-[Pt(NH 3 ) 2 Cl 2 (OH) 2 ] is administered intravenously to mice, 50 % of the platinum excreted over the course of 5 h is the unchanged Pt(IV) complex [9] . In contrast, c,c,t-[Pt(NH 3 )(c-NH 2 C 6 H 11 )Cl 2 (O 2 CCH 3 ) 2 ] has a half-life of only 6.3 min in whole human blood [10] .
In this issue dedicated to the memory of Ivano Bertini, we present a reinvestigation of the vibrational spectroscopy of c,c,t-[Pt(NH 3 ) 2 Cl 2 (OH) 2 ]. Although Bertini was perhaps best known for his NMR spectroscopic work on paramagnetic metalloproteins [11] , his early studies focused on exploring fundamental properties of traditional smallmolecule coordination complexes. His first published article [12] and a series of articles that closely followed [13] [14] [15] describe the vibrational spectroscopy of transition metal complexes. Vibrational spectroscopy has long served inorganic chemists as a valuable source of information about structure and bonding [16] . Bioinorganic chemists in particular have benefited not only from advanced techniques such as resonance Raman spectroscopy and nuclear resonance vibrational spectroscopy but also from simple yet powerful IR and Raman spectroscopic experiments [17] .
A detailed analysis of the vibrational spectroscopy of c,c,t-[Pt(NH 3 ) 2 Cl 2 (OH) 2 ] was first reported by Faggiani et al. [18] . The report also described the determination of the crystal structure of the compound by X-ray diffraction. The vibrational analysis was accordingly performed using the site symmetry of the complex. Shortly thereafter, the structure was redetermined at higher resolution by Kuroda et al. [19] and the space group selection in this latter article was corrected by Marsh [20] . The true space group is not P4 2 /n, as initially reported in both previous articles, but rather P4 2 /nmc owing to the presence of an overlooked cglide plane. Marsh wrote his commentary in reference to the article by Kuroda et al. and only mentions in passing the earlier structural determination by Faggiani et al. Of note is the lack of commentary on the influence that the change in space group may have on the vibrational analysis.
We were particularly drawn to a ''missing band'' initially reported in the analysis of the vibrational spectrum of the deuterated analog of c,c,t-[Pt(NH 3 ) 2 Cl 2 (OH) 2 ]. Given that this study was conducted using the incorrect site symmetry, it seemed possible that the change in space group might provide insight into the nature of this band and its disappearance.
We describe here a reinterpretation of the vibrational spectroscopy of c,c,t-[Pt(NH 3 ) 2 Cl 2 (OH) 2 ] in light of the proper space group, which alters the site symmetry of the molecules in the crystal. IR spectroscopy is combined with single-crystal and powder X-ray diffraction methods, as well as group-theoretical and density functional theoretical (DFT) calculations, to shed light on this problem. We think that Bertini, given his early and lasting interests in spectroscopy, might have been pleased with the outcome. were prepared as previously described [21, 22] . Briefly, cisplatin was heated to 348 K in the presence of excess aqueous hydrogen peroxide for 3 h. The solvent volume was reduced in vacuo, and the resulting suspension was cooled overnight to 277 K. The solid was collected by filtration, and the yellow filtrate was set aside. The solid was washed with water, stirred in a minimal amount of boiling water for 10 min, and allowed to cool to room temperature. were obtained from the cooled reaction filtrate as described earlier. Samples suitable for X-ray diffraction analysis were selected under crossed polarizers, mounted on a nylon cryoloop in Paratone oil, and cooled to 100 K under a stream of nitrogen. A Bruker APEX CCD X-ray diffractometer controlled by the APEX2 software suite [23] was used to collect data from the crystals using graphite-monochromated Mo Ka radiation (k = 0.71073 Å ). After integration with SAINT [24] , absorption, Lorentz, and polarization corrections were applied by using SADABS [25] . Space groups were determined by analyzing the metric symmetry and systematic absences of the diffraction pattern with XPREP [26] . With use of the SHELXTL-97 software package [27, 28] , structures were solved by the heavy atom method and refined against F 2 . Full-matrix least-squares refinement was conducted using standard procedures [29] . All atoms were located in the difference Fourier map during refinement. Hydrogen atoms, unless otherwise noted, were refined with their isotropic displacement parameters (U iso ) equal to 1.5U iso of the atom to which they are attached. Specific refinement details are reported later and CIF data are provided for all structures in the electronic supplementary material. All structures were checked for missed higher symmetry and twinning with PLATON [30] and were further validated using CheckCIF.
Materials and methods

Materials
X-ray powder diffraction data were collected at room temperature using an Inel CPS-120 X-ray powder diffractometer fitted with an XRG3000 Cu X-ray tube. Microcrystalline c,c,t-[Pt(NH 3 ) 2 Cl 2 (OH) 2 ] was packed into a 0.5 mm outer diameter capillary and mounted on a clay pellet. The sample was rotated perpendicular to the X-ray beam and irradiated with Cu Ka radiation (k = 1.54056 Å ). Diffracted radiation was collected from 2h = 0°to 2h = 120°. Data processing and baseline correction were performed using WinPLOTR [31] . The powder pattern of c,c,t-[Pt(NH 3 ) 2 Cl 2 (OH) 2 ] was simulated from the lowtemperature single-crystal structure using Mercury. Because the single-crystal data were collected at 100 K and the powder data were collected at 298 K, a scaling formula was used to align the simulated pattern with the experimental pattern. The scaling formula 2h = 0.992(2h raw ) -0.4168 was determined empirically by least-squares regression. The nonshifted simulation data are shown in Fig. S1 together with the non-baseline-corrected experimental data.
Computational details
Group-theoretical vibrational analyses were performed by standard methods [32] . DFT calculations were performed using Gaussian 03 [33] and the hybrid functional PBE0 [34] . The Pople-type 6-31??g(d,p) basis set was used for non-platinum atoms and the LANL2DZ effective core potential was used for the platinum atom to account for relativistic effects [35] . Geometry optimization of c,c,t-[Pt(NH 3 ) 2 Cl 2 (OH) 2 ] was performed using coordinates required by the C 2v site symmetry demanded by the crystal structure reported here. Separate calculations were performed in which C 2v symmetry was either enforced or not enforced. Analytical vibrational calculations were conducted to determine whether the optimized structures were truly minima on their respective potential energy surfaces. Raman intensities were computed by numerical differentiation of the analytic dipole derivatives with respect to an electric field.
Results and discussion
Synthesis of platinum compounds
The pseudo-octahedral complex c,c,t-[Pt(NH 3 ) 2 Cl 2 (OH) 2 ] was prepared by reaction of square-planar cis-[Pt(NH 3 ) 2 Cl 2 ] with hydrogen peroxide in water. Initially, a single hydrogen peroxide molecule attacks one face of the Pt(II) starting material, providing the first coordinated hydroxide ligand. The second hydroxide derives from a water molecule solvating the opposite face of the complex, trans to the attacking hydrogen peroxide [36] . The product of the reaction displays a great tendency to co-crystallize with hydrogen peroxide, particularly under common reaction conditions in which hydrogen peroxide is present in large excess. The large, well-formed crystals of the hydrogen peroxide solvate, or perhydrate, can be readily isolated, but the presence of hydrogen peroxide in the crystals can complicate subsequent reactivity. To obtain the unsolvated form, the solid material collected from the reaction mixture, ostensibly a mixture of c,c, 2 ] are obtained, free of hydrogen peroxide. The composition and purity of this material was assessed by comparing its powder diffraction pattern with that simulated from singlecrystal X-ray diffraction data (Fig. 1) . The lack of additional peaks in the experimental pattern, compared with the simulated one, confirms that the bulk crystalline material has the same three-dimensional structure as the one determined for a single crystal of the compound (vide infra). Although a more detailed discussion of the vibrational spectroscopy of this compound will be presented later, we briefly highlight here the functional importance of this technique in monitoring the reactivity of this synthon. (Fig. 2) . Moreover, this band provides a convenient handle by which to assess consumption of the molecule in subsequent chemistry. Typical reactions using c,c,t-[Pt(NH 3 ) 2 Cl 2 (OH) 2 ] as a synthetic intermediate involve nucleophilic attack of the hydroxide ligand on an electrophilic center, followed by scission of the O-H bond and disappearance of the O-H stretching band in the IR spectrum [2] .
Crystallographic analysis
Despite the ease with which the perhydrate forms large, well-facetted crystals, its structure [22] was reported only after that of the nonsolvated complex appeared [18] . We provide here a redetermination of both structures together with the attendant crystallographic information files (see the electronic supplementary material). Certain features of the redetermined structures merit discussion.
The low-temperature structure of c,c,t-[Pt(NH 3 ) 2 Cl 2 (OH) 2 ]ÁH 2 O 2 presented here is consistent with that previously reported [22] . There is no significant difference in any of the heavy atom bond lengths or angles, although the quality of the new data permitted unrestrained refinement of the hydrogen atom positions. The refined N-H bond lengths are 0.877(6), 0.894(6), and 0.902(6) Å . The O-H distance in the hydrogen peroxide molecule is 0.786(6) Å and that in the platinum complex is 0.736(6) Å . In the previously reported structure, the hydrogen atoms of the ammine and the hydrogen peroxide were located in the difference Fourier synthesis, but that of the platinumcoordinated hydroxide was not. This hydrogen atom was explicitly located in the present structure, and its position is consistent with that suggested by the two hydrogen-bonding interactions of the hydroxide with an ammine ligand from a neighboring complex and a hydrogen peroxide of solvation. This positioning of the hydrogen atom does not permit any strong hydrogen bond donations, but a weak interaction is present with an OÁÁÁCl distance of 3.2448(17) Å and an O-H-Cl angle of 149(3)°. The final model refined to a residual index R 1 of 0.0098 for 1,016 unique reflections obtained after merging for Fourier analysis (R 1 = 1.00 % for the 1,002 reflections having I [ 4r). Refinement details are presented in Table 1 and the structure is depicted in Fig. 3 . 
In the structures of c,c,t-[Pt(NH 3 ) 2 Cl 2 (OH) 2 ] first reported by Faggiani et al. [18] and subsequently at higher resolution by Kuroda et al. [19] , the space group was assigned as P4 2 /n. The low-temperature structure that we report here was, however, solved in P4 2 /nmc. This choice was made on the basis of the systematically absent hhl reflections with l odd. These reflections are extinguished by the c-glide plane that is present in P4 2 /nmc but not in P4 2 /n. Moreover, the observed Laue symmetry was clearly P4/mmm and not 4/m. This change in space group was also suggested by Marsh [20] . The general features of our lowtemperature structure of c,c,t-[Pt(NH 3 ) 2 Cl 2 (OH) 2 ] are consistent with those of the two structures previously reported. The hydrogen atoms could be located in the difference Fourier maps, however, which was not possible in either of the previous two structures. The final hydrogen atom positions included in the model were obtained by semifree refinement using a riding model. A more detailed discussion of these atomic positions is provided in the following section in the context of their effect on the vibrational spectra of the complex. Refinement details are presented in Table 1 and the structure is depicted in Fig. 3 .
Vibrational analysis of c,c,t-[Pt(NH 3 ) 2 Cl 2 (OH) 2 ]
The original crystal structure reported for c,c,t-[Pt(NH 3 ) 2 Cl 2 (OH) 2 ] was used to interpret vibrational spectra, both IR and Raman, that had been acquired using the crystalline substance. One issue that the present structure addresses is the observed multiplicity of bands arising from N-H vibrations. Using possible hydrogen-bonding patterns, Faggiani et al. [18] deduced the potential positions for the hydrogen atoms, positions that remained undetermined in subsequent work by Kuroda et al. [19] . It was postulated that two of the ammine hydrogen atoms were directed toward oxygen atoms of hydroxyl groups of different neighboring molecules. The third ammine hydrogen would then be directed toward the chloride ligand of a neighboring molecule, forming a hydrogenbonding interaction much weaker than those with the hydroxide ligands. The two distinct types of N-H hydrogen-bonding interactions lift the degeneracy of the otherwise equivalent ammine hydrogen atoms and produce multiplicity in the N-H stretching, rocking, and wagging modes, as previously described [18] . The refined positions of the hydrogen atoms in the present structure confirm this interpretation. The ammine N-H group directed toward the chlorine atom lies on the mirror plane parallel to ac. The remaining two hydrogen atoms, which form hydrogen bonds with hydroxyl groups, are crystallographically related to each other by this mirror plane.
In the original treatment [18] , the hydrogen atom on the hydroxide ligand was inferred to be disordered across a number of positions as judged by shoulders on the m O-H band observed at 3,516 cm -1 in the IR and Raman spectra. The present crystal structure shows electron density arising from this hydrogen atom at a single position. Moreover, this position corresponds to that predicted from the geometry of the hydrogen-bonding interactions of the hydroxide with neighboring ammine ligands. The refined hydroxide hydrogen atom position completes a pseudotetrahedral geometry about the oxygen atom. This orientation of the hydroxide ligand places the hydrogen atom on a mirror plane and equally between two chloride ligands from different adjacent molecules. It is possible that the shoulders observed on the 3,516-cm -1 band arise from slight coupling of the O-H oscillator to the strongly hydrogen bound N-H oscillators of adjacent molecules. The computational results presented below confirm that strong hydrogen bonding is occurring within the crystal, although a full factor group analysis was not conducted. Because the platinum atom sits at a special position, these are the only crystallographically independent hydrogen atoms.
Another aspect of the vibrational analysis about which we wish to expand is the assignment of the main skeletal vibrational modes, those involving platinum and atoms in the primary coordination sphere. In the original structure Fig. 3 determination in P4 2 /n, the site symmetry of the platinum complex was C 2 . This point group requires the presence of six skeletal vibrations of symmetry 3A ? 3B. Specifically, the Pt-N, Pt-Cl, and Pt-O vibrations are all A ? B. These six vibrations are both Raman-and IR-allowed. In the original assignment, the Pt-Cl bands were easily identified because they occur at much lower energy than the Pt-N and Pt-O bands. If the NH 3 and OH groups are treated as point masses, then the near equivalence of the corresponding reduced masses of the Pt-NH 3 and Pt-OH harmonic oscillators prevents a straightforward assignment of the four signals in the 400-700-cm -1 range (Fig. 4) . Faggiani et al. [18] proposed a tentative assignment based on the relative shifts in the energies of these transitions on deuteration. The IR spectrum of the deuterated complex, however, is ''missing'' a band (Fig. 4) . In the 1 H-containing sample, there is a shoulder at 575 cm -1 , a strong peak at 559 cm -1 , a medium-intensity peak at 531 cm -1 , and a strong peak at 458 cm -1 . After deuterium exchange, the first three shift to 558, 534, and 497 cm -1 , respectively. There is, however, no peak corresponding to the shifted 458-cm -1 signal. Faggiani et al. [18] used the magnitudes of the deuterium-induced shifts to assign the 559-cm -1 band and the 575-cm -1 (shoulder) band to Pt-O vibrations and the 531-and 458-cm -1 bands to Pt-N vibrations. This degree of shift predicts that the 458-cm -1 signal would appear at approximately 428 cm -1 . No explanation is offered for the so-called ''missing band'' [18] .
We were intrigued by the possibility that a reinterpretation of the vibrational spectroscopy in light of the corrected space group assignment could provide an explanation for the disappearance of the 458-cm -1 band on deuteration. In space group P4 2 /nmc, the platinum complex sits at a special position with site symmetry C 2v .
A group-theoretical stretch mode analysis of the complex using point group C 2v reveals that, again, six skeletal stretching vibrations are expected. The vibrations, shown in Fig. 5 , are of symmetry A 1 ? B 2 (Pt-Cl), A 1 ? B 2 (Pt-N), and A 1 ? B 1 (Pt-O). All six vibrations are again predicted to be both IR-and Raman-active. Although no significant differences are apparent in this new analysis, inspection of the symmetry of the vibrational modes (vide infra) permits assignment of the peaks in the 400-700-cm -1 range. The two Pt-O vibrations correspond to the symmetric (A 1 ) and asymmetric (B 1 ) stretches (Fig. 5) . Intuitively, one would expect the symmetric stretch to be IR-inactive/ Raman-active and the asymmetric stretch to be IR-active/ Raman-inactive. Such a conclusion follows from simple inspection of the changes in molecular dipole moment and molecular volume over the course of the vibration. The predicted combination of Raman and IR activity for both vibrations is therefore puzzling until it is realized that the linearity of the O-Pt-O fragment is not required by the C 2v point group; the crystallographically determined angle is, in fact, 177.16(15)°.
To account for the approximate O-Pt-O linearity not imposed by C 2v symmetry, the vibrations of fragments of the molecule were analyzed in isolation (Fig. 6) . The NPt-N fragment has C 2v symmetry, and a stretch mode analysis reveals vibrational modes of and the 575-cm -1 shoulder coincides with a very intense Raman peak [18] . The 559-cm -1 band is therefore assigned as the A 1 Pt-O stretch and the 575-cm -1 shoulder is assigned as the B 1 symmetric mode.
This group-theoretical analysis of the Pt-O vibrations can be further confirmed using modern computational chemistry. The structure of the molecule was optimized by DFT methods. If the geometry of the molecule is constrained to remain in point group C 2v during optimization, the converged structure is not a minimum on the potential energy surface. This feature was revealed by a frequency calculation, which identified two vibrations with imaginary frequencies. These two modes can be viewed as O-H wagging and twisting, although it is perhaps more illustrative to describe them as symmetric and asymmetric deformations about the Pt-O torsion angle (see the electronic supplementary material). This result suggests that the molecular geometry present in the crystal is not the stablest, but rather has the hydrogen atoms locked into higher-energy positions by an extensive network of intermolecular hydrogen bonds. Because neither of these two vibrational modes involves a significant displacement of the skeletal oxygen atoms, the general symmetry information obtained about skeletal vibrations from a frequency calculation at this geometry is still valid. The geometry was, however, reoptimized without any constraints in order to obtain more rigorously correct vibrational data.
The calculations recovered the two Pt-O vibrations with symmetries A 1 and B 1 . Although both are formally allowed, the A 1 vibration (symmetric stretch) is essentially IRinactive, and the B 1 vibration (asymmetric stretch) is essentially Raman-inactive. For the former mode, the IR intensity is calculated to be 0.006 % of the intensity of the strongest band and, for the latter mode, the Raman intensity is calculated to be 0.07 % of that of the strongest band. The full computational output is provided in the electronic supplementary material.
The computed spectral intensities also provide insight into the identities of the 531-and 458-cm -1 bands. The band arising from the symmetric Pt-N stretch is computed to be less intense than the asymmetric band in the IR spectrum and the converse is predicted for the Raman spectrum. These results, in conjunction with the reported IR and Raman spectra, are consistent with the assignment of the 531-cm -1 band as the A 1 vibration and the 458-cm
band as the B 2 vibration. The 458-cm -1 band is the band which disappears on deuterium exchange. Because the point masses of NH 3 and OH are very similar to one another, it may have been possible to attribute the diminished intensity of the missing band to coupling to one of the Pt-O or Pt-N skeletal stretching modes that is pseudo forbidden, e.g., the A 1 Pt-O stretch. None of these stretching modes, however, have the appropriate B 2 symmetry.
Full vibrational analysis of the PtO 2 Cl 2 N 2 core with C 2v symmetry reveals that there are, however, lower-energy deformation modes with B 2 symmetry. Specifically, the 3N -6 = 15 skeletal vibrations are 6A 1 ? 2A 2 ? 4B 1 ? 3B 2 . After removal of the stretching modes previously determined, there remain nine vibrations of symmetry 3A 1 ? 2A 2 ? 2B 1 ? 2B 2 , as shown in Fig. 7 .
As reported in the original vibrational analysis, these lower-energy deformations can give rise to combination bands in the 400-700-cm -1 region [18] . If a combination band of B 2 symmetry were to ''accidentally'' coincide in energy with the B 2 Pt-N band, then the Fermi resonance between them may result in significant attenuation of the Pt-N band. For the combination band to have the appropriate symmetry, the direct product of the irreducible representations of the two constituent bands must be B 2 . In the C 2v point group, this product can be achieved with either A 1 9 B 2 or A 2 9 B 1 . Although all nine of the nonstretching skeletal vibrations, with their appropriate symmetries, can be obtained from a DFT frequency calculation, not all can be identified in the experimental vibrational spectra [18] . It is therefore not possible to use the computational information to assign even those few bands that were identified. Among these low-energy modes previously observed by IR and Raman spectroscopy, however, there are vibrations with the symmetry required to form a B 2 symmetric combination band. The 190-cm -1 mode, observed to form a combination band by Faggiani et al. [18] , is predicted to shift to approximately 180 cm -1 on deuteration. It could combine with the 248-cm -1 band observed in the IR spectrum of the deuterated compound to give rise to a signal at 428 cm -1 . This position is exactly that predicted for the 458-cm -1 band if it shifts by the same factor as the 535-cm -1 Pt-N band on deuteration.
Conclusions
The results presented facilitate reexamination of the vibrational analysis of c,c,t-[Pt(NH 3 ) 2 Cl 2 (OH) 2 ]. The vibrational spectroscopy of this molecule, an important synthon in the field of platinum anticancer chemistry, was first systematically explored by Faggiani et al. [18] . An X-ray crystal structure determination allowed them to conduct a site group vibrational analysis of the molecule, which they used to partially assign IR and Raman spectra. The resolution of the previously determined structure prevented a detailed discussion of the influence of hydrogen bonding within the crystal on the fine structure of the N-H and O-H stretching bands. The presently reported highresolution structure helps explain these features. Faggiani et al. [18] found that, following deuteration, one of the skeletal stretching bands disappeared. Reevaluation of the vibrational analysis with the correct site symmetry did not explicitly account for the ''missing band'' but did allow a more definitive assignment of the nature and symmetry of every Pt-O and Pt-N stretching band. Following identification of the symmetry of the disappearing Pt-N band, we propose that shifts in peaks following deuteration allows Fermi resonance with a combination band, resulting in significant attenuation of the intensity of the Pt-N mode.
